Properties of thin films of geometrically frustrated ABC stacked antiferromagnetic kagome layers are examined using Metropolis Monte Carlo simulations. The impact of having an easy-axis anisotropy on the surface layers and cubic anisotropy in the interior layers is explored. The spin structure at the surface is shown to be different from that of the bulk 3D fcc system, where surface axial anisotropy tends to align spins along the surface [111] normal axis. This alignment tendency then propagates only weakly to the interior layers through exchange coupling. Results are shown for the specific heat, magnetization and sub-lattice order parameters for both surface and interior spins in three and six layer films as a function of increasing axial surface anisotropy. Relevance to the exchange bias phenomenon in IrMn 3 thin films is discussed.
I. INTRODUCTION
Investigations of the antiferromagnetic (AF) kagome lattice continues to reveal unusual classical and quantum spin structures 1,2 largely due to the macroscopic degeneracy associated with the four nearest neighbors (NN) of corner sharing triangles [3] [4] [5] . With only Heisenberg (or XY) exchange interactions, q=0 or √ 3× √ 3 magnetic order characterized by planar 120 0 spin structures are among the degenerate ground states of the 2D lattice. Three-dimensional structures composed of weakly coupled kagome layers having rhomohedral symmetry or distorted hyperkagome lattice structures have also been studied 6, 7 .
Recent studies of a truly 3D kagome structure embedded in a fcc lattice composed of ABC stacked kagome layers along 111 directions with eight AF NNs (depicted in Fig. 1) have been motivated by the ordered L1 2 phase of IrMn 3 and its sister compounds. Neutron diffraction measurements 8 revealed the so-called T1 structure, in which Mn spins lie in {111}
planes along 112 directions. These correspond to the q=0 kagome spin configuration 4 , which may be characterized as three interpenetrating ferromagnetic sublattices. First principles calculations 9 show an unusually strong effective cubic anisotropy term with local axes along 100 directions (see Fig. 1 ). In the same article, simulations using stochastic micromagnetic equations were reported along with confirmation of the T1 ordered state and high transition temperature T N ≈ 1145 K, consistent with experiment 8 . Monte Carlo (MC) simulations of bulk IrMn 3 without anisotropy were conducted in Ref. 10 , and with cubic anisotropy added in Ref. 11 based on the Hamiltonian obtained in Ref. 9 . They also confirmed the T1 state and showed that including cubic anisotropy changes the order of the transition from first to second and gives rise to a net magnetization perpendicular to the kagome planes.
The lifting of some of the degeneracies of the basic 2D structure when imbedded in the 3D fcc system, together with the effects of the cubic anisotropy, were shown to impact the spin wave dispersion curves 12 .
In contrast with thin ferromagnetic films 13, 14 , layered structures composed of stacked frustrated AF lattices have received relatively little attention. Surface anisotropies (typically of the axial type normal to the film plane) can be substantial in magnitude and compete with those in the bulk 15, 16 . In the case of ferromagnetic films, it is well known that that the combined impact of finite-size effects associated with the reduced geometry as well as a reduction of coordination number and symmetry at the surface, can lead to significant changes in the spin structure relative to the bulk case. 26 . We note that in spin-valve technology, EB is measured with the field applied in the film plane and the microscopic mechanism may be quite different.
In the present work, spin structures in the ground state as well as at finite temperature are examined using an effective field method and Metropolis MC simulations for three and sixlayer ABC stacked kagome layers forming (111) planes. Interior layers are assigned a cubic anisotropy (as in the bulk case) whereas surface layers are given a uniaxial aniostropy −DS 2 z (whereẑ is perpendicular to the (111) plane), as illustrated in Fig. 2 . The magnetic order of the surface and interior layers, as well as the Néel temperature, are studied as a function of D. The relative impact of the two types of anisotropy on the reduction of the fundmental kagome spin degeneracy is discussed. Special attention is given to the magnetization with a view of its potential relevance to the EB effect.
The remainder of the paper is organised as follows. In Sec. 2, a model for thin films of IrMn 3 is described. In Sec. 3, the ground state of the system is analyzed analytically with 
II. THE MODEL
We consider thin films composed of ABC stacked kagome layers. Inspired by the work in Ref. 9 and taking into account effects of axial surface anisotropy, we consider the Hamiltonian
where n γ are unit vectors along x, y and z axes of the conventional fcc cell of the corresponding bulk lattice and n 111 is a unit vector normal to the surface (in the [111] direction). Here, the isotropic exchange interaction (J) is restricted to the NN interactions. It is also assumed that the exchange interaction is the same for six NN surface spins and the eight NN interior spins. The second term includes the contribution of the effective on-site cubic anisotropy 9 , and the third term represents the assumed axial surface anisotropy. For the remainder of this paper, dimensionless units are defined by taking J = −1. In the particular case of IrMn 3 , the cubic anisotropy constant has been estimated as 10% of value of |J| 9 so that we assume here for convenience the value K = 0.1 throughout. The surface anisotropy constant D is varied over a range of positive values thus defining an easy axis which is perpendicular to the plane, which is common in thin films 13, 14 . Note that a negative value of D would not influence the spin structure in the ground state except to force the surface spins to lie on the (111) plane.
III. GROUND STATE
The following analysis of the ground state spin structures corresponding to the model described above is carried out for three and six layer films in the Cartesian coordinate system with axes coinciding with the conventional unit cell of the corresponding infinite fcc kagome lattice. While the generalization of the analysis of ground state properties to a larger number of layers is straightforward there is little qualitative change in the spin structure and the extension to the general case is only discussed briefly towards the end of this section.
Based on the results from low temperature MC simulations we assume here, as in the bulk case 11 , that there are only three distinct spin directions in each layer. Denoting the surface spins by S 1 , S 2 , S 3 , and the interior spins by M 1 , M 2 , M 3 such that spins with the index 1 have as NNs only spins with indices 2 and 3, spins with the index 2 has NNs only
To study minimum energy spin configurations based on Eq. In the absence of anisotropy the spins will align to minimise the exchange energy such that
with E ex = −5J/3. We note that the minimum exchange energy is highly degenerate since it is invariant under any global rotation of the spins. To understand this degeneracy we define ground state Φ 0 in which the spins all lie in the (111) plane with
This 120 0 spin configuration is shown schematically in Fig. 3 (a). From this we can construct a sequence of ground state spin configurations by a rotation of Φ 0 around the axis u =
(1, −1, 0)/ √ 3 by some angle θ to generate a new ground state Φ(θ) = (M i (θ), S i (θ)) where Fig. 4 over the range −π ≤ θ ≤ π. From Fig. 4 we see that cubic (θ) is two fold degenerate with minima corresponding to θ 1 ≈ 70.6
• and θ 2 = 180
We note that the spin configuration corresponding to the state Φ(θ 1 ) lie in the (111) plane, while for the Φ(θ 2 ) they lie in the (111). The specific spin configuration for the Φ(θ 1 ) state is given by
and is shown schematically in Fig. 3(b) . 
2 calculated for the states Φ(θ) as a function of the rotation angle θ.
A plot of the normalised axial anisotropy energy
2 ) as a function of θ is also presented in The two curves show that the surface axial anisotropy will break the degeneracy of the Φ(θ 1 ) and clearly shows the effect of the surface axial anisotropy tilting the spins towards then 111 axis while essentially maintaining the characteristic 120
• kagome spin structure between the NNs.
The other limit that admits an analytical solution is the case K J D. Here, surface anisotropy will dominate and hence the surface spin structure will be of the Ising type with the spins aligned along then 111 axis, with S 3 pointing away from the plane and S 1 and S 2 pointing towards the interior, as shown in Fig. 3(c) . Whereas in the previous case the dominant nature of the exchange required that S i = M i , such an assumption cannot be made here. Instead, noting that the interlayer exchange only couples S 2 and S 3 to M 1 , and
given that S 2 = −S 3 , then the net exchange field acting on M 1 will be zero. A similar argument may be applied to M 2 . On the other hand M 3 will experience a net exchange field from S 1 and S 2 which is finite. Based on this argument, the expression for the energy given by Eq. (2) reduces to
From here it immediately follows that for K J the ground state solution for the middle layer spins will be of the form given by Eq. 5 with M 3 pointing in the [111] direction as shown schematically in Fig. 3(d) .
The above analysis shows that in the limit K J, the effect of the surface axial anisotropy is to transform the essentially antiferromagnetic q = 0 ground state with the To determine how the system transforms between the two limiting cases discussed above we have computed ground state of Eq. 2 using the effective field method of Ref. 
IV. MONTE CARLO SIMULATIONS
The MC simulations presented in this section have been carried out for systems consisting of L layers, with L = 3 and 6, of area 18 × 18. In all cases, the system is initialized to some random spin configuration and a simulation performed at some suitably high initial temperature (typically T=2.5). The system is then cooled by using the final state of the previous simulation as the initial configuration for the subsequent simulation, as the temperature is lowered. Between 2.0 × 10 5 and 2.5 × 10 5 MC steps (MCS) were used, with the initial 10% being discarded for equilibration. Figure 8 shows the specific heat per spin for the three and six layer systems with K = 0.1, as a function of temperature and surface anisotropy D. The sharp peaks correspond to the onset of magnetic order. We note that for sufficiently large D the specific heat data for the three layer system exhibit a broad shoulder at high temperature that does not appear in the six layer case.
That the high-T shoulder is observed only for three-layer film suggests that it is a surface effect. To confirm this we introduce the quantities C surf and C int defined as the contributions to C arising from the energy fluctuations of the surface and the interior spins, respectively, These are given by the following expressions
where E surf and E int denote the energy associated with the surface and interior layers respectively. The data for C surf and C int as a function of T are shown for in Figs. 9 and 10 and suggest that the high-T shoulder may be attributed to surface term in the Hamiltonian. This is analogous to the Schottky anomaly [28] observed in simulations performed at large K values in bulk IrMn3 11 . Figure 11 shows the transition temperature for both three and six layer cases as a function of D estimated from the peaks in the specific heat. As expected for thin-film systems 16 , the ordering temperatures estimated from the specific heat data are, in all cases, less than that of the bulk system, T N 0.52 11 . For the three layer film, there is well formed maximum in the specific heat near D = 0.7, which also exists for the six layer case but is not so pronounced.
We also note that as D → ∞, T N does not tend to 0, but to some finite value because the D 
V. ORDER PARAMETER
The ground states of the form given by Eqs. 4 consist of three interpenetrating ferromagnetic lattices and therefore the onset of order can be characterised by the order parameter
where γ denotes the sum over three sublattices. The order parameter defined by Eq. 10 is calculated from cooling cycles for both three and six layer films is plotted as a function of temperature in Fig. 12 . The transition temperatures deduced from these figures correspond approximately to those estimated from the specific heat peaks. Differences between the three and six layer films are attributed to the relative contributions of the surface vs interior layers.
The plots of M t show that for three layer films the order parameter is not always saturated at zero temperature and that some of the points show over a much wider range of scatter around the transition temperature than the corresponding results for the six layer case.
These features are largely independent of the value of D. Such effects may be attributed to the presence of planes of atoms in which pairs of NN spins have been interchanged as discussed earlier in Section III and described for the 3D case in Refs. 
and assuming M int M surf , we obtain the approximate scaling relation 
For small values of D, the solution obtained by this approximation is in excellent agreement with a direct numerical minimization of the energy Eq. (2) (using Wolfram Mathematica).
